We describe an experimental approach to the use of genetics to study muscle contraction in Drosophila melanogaster. Mutations induced by in vitro muta genesis are inserted into the genome of flies using P-element mediated transformation, permitting the effects of the mutant genes to be studied in vivo in the indirect flight muscles (IFMs). Details of how mech anical experiments can be performed on skinned IFMs, despite their small size, are provided. The effects of two in vitro actin mutations, G368E and E316K, are described. The problems of performing biochemical and biophysical experiments on the IFMs and their myofibrillar proteins are described, together with indications as to how these may be overcome.
Introduction
The application of protein engineering techniques to the study of the relationship between the amino acid sequence and function of proteins involved in muscle contraction is already producing useful insights (Hitchcock-DeGregori and Heald, 1987; Hitchcock-DeGregori and Varnell, 1990; Grabarek et al. 1990; Fujimori et al. 1990) . In these studies mutant muscle proteins, such as tropomyosin or troponin C, have been expressed in E. coli and studied by various techniques in vitro. Particularly important for the study of muscle contraction per se is the exchange of these proteins in vitro to fibres denuded of the wild-type proteins, followed by mechanical measurements on the fibres. The potential of this approach has been demonstrated in the recent study of troponin C mutants by Fujimori et al. (1990) . This approach is not feasible with the myosin heavy chain or actin which, as major components of the thick and thin filaments, cannot be removed and exchanged into fibres. For these proteins, and many others, the effects of mutants on muscle contraction can only be studied using systems where the mutant proteins assemble into fibres in vivo.
The 'in vivo' approach requires a species whose genetics are well known, whose genes are easily manipulated, and whose muscles can be analysed by conventional structural and functional techniques, including mechanical record ing. We have developed a model system for the genetical analysis of muscle contraction using the indirect flight Journal of Cell Science, Supplement 14, 73-78 (1991) Printed in Great Britain © The Company of Biologists Limited 1991 muscles (IFMs) of the fruitfly Drosophila melanogaster (Fig. 1 ) which, to date, uniquely fulfils these require ments.
Background

Genetics
Many D. melanogaster muscle protein genes have been cloned and sequenced, including the myosin heavy chain (see reviews by Emerson and Bernstein, 1987; George etal. 1989) , both myosin light chains (Falkenthal et al. 1984; Parker et al. 1985; Toffenetti et al. 1987) , tropomyosin (Karlik et al. 1984), troponin-I (Beall and Fyrberg, 1990) , troponin-T (Bullard et al. 1988 ) a-actinin (Fyrberg et al. 1990 , troponin-H (an IFM-specific heavy tropomyosin with additional properties) (Hanke and Storti, 1988 ) and the IFM-specific actin gene, Act88F (Sanchez et al. 1983) . Mutations have been recovered in some of these genes by selecting for flightlessness following chemical mutagen esis of flies (e.g. Mogami and Hotta, 1981) . Most of these mutations lead to structurally aberrant flight muscles which are useful for analysing myofibril assembly but are not appropriate for the study of muscle contraction. In D. melanogaster, cloned genes can be re-introduced into the germline using the now commonplace technique of P-element mediated transformation (Rubin and Spradling, 1982; Spradling and Rubin, 1982; see e.g. Roberts, 1986 for practical details) . This permits the effects of mutations induced by in vitro mutagenesis techniques to be tested in vivo.
The P-element is a Drosophila transposable genetic element able to move, under certain conditions, from one part of the Drosophila genome to another. This property is used for re-introducing a cloned gene into the germline by placing the gene in a plasmid between the ends of a P-element (Fig. 2) . The DNA construct also carries a 'selectable' marker, the wild-type gene for rosy, which permits the identification, by eye colour, of those flies which have been successfully transformed. Transform ation is accomplished by micro-injecting the DNA into the posterior end of pre-blastoderm stage embryos. Trans formed copies of cloned genes insert almost at random into the genome. However, they show normal gene expression, being correctly expressed in both a tissue-and stagespecific manner. Among a number of transformant lines set up from different transformant flies, it is usual to find some with wild-type levels of gene expression. This is an important point in the use of this technique with muscle protein genes, since it appears that normal muscle structure is only achieved when there are wild-type levels of gene expression.
So far only two muscle protein genes have been successfully re-introduced into the fly genome. These are the tropomyosin gene, Tml, (Fyrberg and Karlik, 1987) and the IFM-specific actin gene, Act88F (Mahaffey et al. 1985; Hiromi et al. 1986 ). There are two reasons why so few muscle protein genes have been transformed. First, if one wishes to study the expression of a transformed wild-type gene copy, or the effect of a mutant gene, it is useful, if not necessary, for the wild-type chromosomal copy to be functionally inactive. Null mutations exist for the Act88F gene (KM88, Hiromi and Hotta, 1985) , the MLC-2 myosin light chain gene (Warmke et al. 1989) and Karlik, 1987) . Second, the efficiency of P-element transformation decreases with the size of the cloned gene that is being transformed. So, for instance, the whole muscle myosin heavy chain gene, Mhc, which is approxi mately 10 times larger than Act88F, has yet to be re inserted in the genome using P-elements, although DNA fragments this long can be transformed. IFM-specific null mutations are available for this gene and Bernstein (personal communication) has obtained significant levels of expression of a construct based on a cDNA copy of an IFM-specific myosin heavy chain transcript.
Muscles
IFMs are especially suitable for the genetical study of muscle structure and function for two reasons. First, because their function is not necessary for viability or fertility and second, because these muscles contain specific isoforms of some myofibrillar proteins, including the myosin heavy chain (O'Donnell et al. 1989) , actin (Ball et al. 1987 ) and tropomyosin as well as novel, IFM-specific proteins such as Tn-H (heavy troponin, Bullard et al. 1988) and arthrin, a conjugate of actin and ubiquitin (Ball et al. 1987) . Mutations affecting these isoforms either do not, or will not, affect the function of the other muscle types necessary for life functions. The IFMs of Drosophila are typical of insect fibrillar flight muscle (Pringle, 1978) . They are asynchronous; their nerve input occurs at a much lower frequency than the wingbeat frequency of 200 Hz (Levine, 1973; Levine and Wyman, 1973) . They are fibrillar, implying a low sarcoplasmic reticulum content (Pak and Grabowski, 1978) and striated, with a sarcomere length of about 3.4 jum (Shafiq, 1963a,b; 1964) . They have very short I-bands.
These Drosophila muscles are not ideal for mechanical experiments on two counts. First, the IFMs are short (about 1 mm long) and second, they have fast contraction rates. This was predicted from the high wingbeat frequency (200 Hz) of the flies (Pringle, 1957) and demonstrated to be an inherent property of the isolated, demembranated fibres (Molloy et al. 1987) . We have been able to obtain consistent and reliable mechanical data from sinusoidal and step-length changes applied to chemically demembranated ('skinned') fibres from the largest pair of dorsal longitudinal fibres (IFMs) attached to a mechanical apparatus (Molloy et al. 1987; Peckham et al. 1990) . The use of aluminium T-clips (Goldman and Simmons, 1984) to mount the fibres (Fig. 3) and a mechanical apparatus able to respond to fast changes in the tension transients were crucial to this achievement. Briefly, the thoraces of adult flies are bisected along their midline and the fibres 'skinned' using either a combi nation of glycerol and Triton X-100 or saponin (see Peckham et al. 1990 for details). After skinning, the fibres of the two longest dorsolongitudinal 'muscles' are carefully cut from the cuticle, pared down to about 70 /«n in diameter and the ends crimped in T-clips leaving about 0.5 mm exposed between the T-clips. All these manipu lations are performed in a bathing solution and once crimped the fibres are mounted on the apparatus without passing through an air/liquid interface as this very easily damages the fibres. Fibres are kept immersed in solution on the apparatus by changing solutions using flow through system. Further details of experimental protocols and solutions used are given elsewhere (Peckham et al. 1990) .
We have shown that the D. melanogaster IFMs share many of the physiological properties of those from the giant water-bug, Lethocerus, although there are signifi cant differences in the rate constants which correlate with the very different wingbeat frequencies of these insects (Peckham et al. 1990 ). In addition, we have also success fully performed mechanical experiments on a Drosophila synchronous muscle, the tergal depressor of trochanter muscle (Figs 1 and 3 ), the so-called 'jump' muscle (Peckham et al. 1990 ). This muscle has physiological properties which are more similar to vertebrate striated muscle than those of the indirect flight muscles. The ability to perform mechanical experiments on the two muscle types will enable a molecular genetic comparison to be made of the protein and physiological differences between these muscle types.
The Act88F gene
We have chosen to begin our protein engineering analysis of muscle contraction by concentrating on the Act88F gene. This gene, one of the six actin genes in the Drosophila genome (Tobin et al. 1980; Fyrberg et al. 1980) , is expressed only in the indirect flight muscles and encodes the only actin isoform found in these muscles (Ball et al. 1987) . This has two important consequences: (1) Act88F mutations will not affect the function of other muscles (and will not affect fly viability) and (2) only the mutant actin will be present in these muscles. The wild-type gene, which has been cloned and sequenced, can be re-inserted into the Drosophila genome using P-element transform ation (Mahaffey et al. 1985; Hiromi et al. 1986 ) and 'rescues' the flight ability of flies homozygous for KM88, an Act88F null mutation (Hiromi and Hotta, 1985) which is a useful transformation host for in vitro mutants.
Progress
In the absence of information about the importance of specific amino acids in actin, we chose to make a number of mutations in that part of the gene which corresponds to amino acids 314-375 (C terminus), a region known to contain a contact site for one of the myosin light chains (see Hambly et al. 1986 ). Mutations were induced in the corresponding gene fragment by random bisulphite muta genesis and six gene fragments encoding single amino acid changes were recovered. The mutants are E316K (where glutamate (E) at amino acid position 316 is replaced by the lysine (K)), E334K, V339I, E364K, G366D and G368E. Each one was reconstructed into complete gene copies in P-element vectors and transformed into hosts homozygous for the KM88 mutation.
Phase microscopy of IFM myofibrils from each trans formed KM88 strain revealed that only the E316K and G368E mutants permit the assembly of cross-striated myofibrils. The others produce aberrant myofibrils (E334K) or no fibrillar material at all (V339I, E364K, G366D). Electron microscopy of E316K and G368E showed that these mutants produce essentially normal myo fibrillar structure, although in both some minor lattice defects are seen (Fig. 4) . These occur near the periphery of the myofibrils in G368E and internally in E316K myo fibrils. In addition more severe abnormalities, which are restricted to the ends of the fibres, close to the muscle attachment sites, have been seen in E316K (Mary Reedy, personal communication). Both mutants produced normal actin/myosin ratios (from scans of 1-D SDS-PAGE gels) and only the expected charge-changed actins on 2-D gels. Subsequent analysis of muscle contraction has concentrated on these two actin mutations (Drummond et al. 1990) .
To test the effects of the mutations on flight muscle function, we measured flight ability. E316K flies were as flightless as KM88 homozygotes, probably due to the aberrant fibre ends described above; G368E flies flew but less well than wild-type or a KM88 strain homozygous for transformed copies of a wild-type Act88F gene. Clearly the reduced flight ability was due to the G368E mutation. The wingbeat frequencies of wild-type and G368E flies were measured using an optical tachometer (Unwin and Ellington, 1979) . G368E flies had a wingbeat frequency of 178+3 Hz (mean±s.E.M.) which was reduced by about 20 % compared to wild-type at 227 ±4 Hz under the same conditions.
Both the E316K and G368E mutations altered the mechanics of demembranated IFM fibres, compared to those of wild-type (Fig. 5) . In G368E, the rate constant for the delayed increase in tension which followed a quick The rate constants are estimated using exponential curve-fitting methods (Provencher, 1976a,b) .
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n, number of fibres studied. *, significant difference from wild-type at 5 % levels, and **, at 10% levels (Student's t-test). stretch in activating solution was reduced by 30 % ( Table 1 ). The rate constants for tension relaxation during phases 2 and 4 were also reduced, although our data were not significant, perhaps because determination of these rate constants is subject to greater experimental error. Steady state active tension and stiffness were increased, while those in rigor were not. Relaxed stiffness was unchanged. In E316K the rate constant for the delayed increase in tension following a quick stretch was increased by about 30 % (Table 1) as was the relaxation of tension in phase 2. Steady state stiffness and tension were unchanged in the different solutions.
These changes cannot be explained by the rather minor disturbances of myofibrillar structure, as similar mechan ical experiments on KM88/ + fibres, which have consider ably more myofibrillar disruption, show a pattern of changes in the mechanical parameters which are unlike those found in either G368E or E316K fibres. Both these mutations occur within conserved regions of the actin amino acid sequence. In all actins, amino acid 368 is either glycine or serine while amino acid 316 is always glutamic acid, except for a single case where it is aspartic acid. Actin is a highly conserved protein and it has been speculated that this results either from the constraints of folding a protein which undergoes large conformational changes (Schutt and Lindberg, 1989) or the requirement for actin to interact with a large number of other proteins (Moir and Levine, 1986 ). Our results demonstrate that in at least some cases these constraints are not so severe that even non-conservative changes cannot be tolerated. They also demonstrate that amino acid changes in actin can have significant effects on the mechanical properties of the muscle. Amino acid 368 is in a region involved in the binding of tropomyosin and the alkaline myosin light chain so it is not surprising that a change here affects muscle function. In contrast, amino acid 316 is in the large domain, distant from known myosin contacts, suggesting that E316K may be affecting the interaction with myosin by a long range conformational change in the actin. It is something of a relief to find that even in a highly conserved protein like actin, amino acid substitutions in conserved residues can result in proteins with subtle enough changes in function to permit an analysis of the relationship between actin amino acid sequence and function.
Problems and limitations
The major problem with the use of Drosophila for muscle protein engineering studies is the very small size of the organism and its tissue heterogeneity. Although the IFMs are the major muscles, flies contain many muscles with different myofibrillar proteins and physiological proper ties (Peckham et al. 1990) . It is therefore difficult to obtain muscle, fibres, myofibrils or myofibrillar proteins from a single muscle type for the more traditional approaches of muscle investigators.
We have solved the problems of scale for mechanical experiments on fibres from IFMs and the TDT, but mechanical data on their own are insufficient to exploit the potential of the mutants for the study of muscle contraction. Recently, assays have been developed to measure IFM fibre ATPase activities (J. Molloy and D. Maughan, personal communication) and to study the effects of calcium concentration on mechanical parameters in mutants with myosin light chain defects (Yamakawa et al. 1990) . Mechanical experiments on fibres in which caged-ATP is used have been performed (M. Peckham and M. Ferenczi, unpublished data) and techniques such as X-ray diffraction and different forms of spectroscopy are probably feasible although Drosophila fibres, like Lethocerus, contain a lot of mitochondria which are not conducive to good spectroscopic measurements.
Biochemical experiments with isolated proteins are essential for the interpretation of the effects of the mutations on protein structure and function. Major problems of scale arise when purifying the Drosophila IFM proteins. However, some progress has been made in resolving these problems.
We have used an in vitro transcription/translation system to study the Act88F mutations we have recovered. The six mutant fragments have been re-assembled into a gene copy which lacks introns and is under the control of the T7 RNA polymerase promoter. This DNA construct is used to synthesise RNA, which is then translated in the presence of radioactive amino acids in a rabbit reticulocyte lysate system. By this means, small (nanogram) quan tities of actins with a high specific activity of incorporated radioisotope are recovered. We have used these to test the ability of the mutant actins to polymerise, using a co polymerisation assay (Solomon and Rubenstein, 1987) with either rabbit or Lethocerus bulk actin added to achieve the critical concentration. The ability of radioac tive mutant actins to bind actin binding proteins (DNase I, profilin, or heavy meromyosin) in affinity chromatography columns has been used to test the properties of the mutant actin molecules. The in vitro approach has particular advantages. We have found that all of our mutants, even those which do not accumulate in vivo, form stable actins in vitro which have altered, but rarely absent, abilities to function in these assays. We have also used this approach to examine the effects of inhibiting N-terminal processing on actin function.
We have expressed the Act88F gene in E. coli either directly under the control of a prokaryotic promotor or as a fusion protein. As others have found with different actins, the products are very insoluble and we have been unable to make even reproducible cyanogen bromide fragments. Recently, native actin has been successfully recovered from an E. coli expression system (Frankel et al. 1990) . In general this problem should not affect the study of many other Drosophila muscle proteins since their homologues from other species can be expressed in E. coli. Eukaryotic expression systems such as yeast and baculovirus are available and may be useful for many muscle proteins, particularly since some post-translational modifications occur in these systems. However, for actin, which is a ubiquitous eukaryotic cellular protein, these systems may not be the answer. Mutant actins will probably disrupt the cytoskeleton and overexpression, even of wild-type actins, is likely to be deleterious to the host cells. This has already been seen with yeast actins (K. Wertman, personal communication). A further problem is to purify the expressed mutant actins from the endogenous ones in the cell, though this may be possible where a charge change is introduced into the mutant actin. Recently we have been using the mass isolation technique developed for the IFMs by Saide et al. (1989) . From 5 g of flies (about 5000 flies) we can obtain 20 mg of IFM myofibrillar protein. This is a relatively small number of flies and larger quantities are easily grown. Procedures for the isolation of insect muscle proteins have been developed (Bullard, 1983; Bullard et al. 1973 Bullard et al. , 1988 and small but adequate quantities of major myofibrillar proteins should now be obtainable for ATPase measure ments, in vitro binding assays, filament assembly assays, and a variety o f spectroscopic analyses including NMR. A limitation in using this approach with mutants is that it will only be applicable to those mutations which are stable and accumulate in vivo.
The future
The goal is to understand the molecular biology of muscle contraction by having a description of the protein conformational changes and interactions which are an integral part of converting ATP into work. Protein engineering of muscle proteins and an ability to study the Fig. 5 . Tension responses of chemically demembranated indirect flight muscle fibres to a rapid 1 % stretch in activating conditions. The phases of the tension response are (see text) 2, for the descending phase following the initial tension 'spike', 3, the delayed increase in tension and 4, the slow decrease of tension which follows. For each tension transient the rate constants (r2, r3, r4) are determined for each of these phases by curve-fitting these phases by three exponential rate constants using the procedure of Provencher (1976a,b) . effects of amino acid changes, both in vitro and 'in vivo', is a powerful way to study this. A major technical challenge with the Drosophila system is the development of ways to apply the many techniques which are currently used to study muscle contraction and muscle proteins in larger, biochemically more amenable muscles to the study of the mutant proteins.
No single mutation will solve the mechanism of how muscle contraction works, and protein engineering ap proaches are only capable of answering those questions about muscle contraction that can be formulated at the level o f the amino acid. Such questions will concern protein structure, ligand binding properties, confor mational changes and protein-protein interactions. Large numbers of mutations in the different muscle proteins will be needed to study not only the role of single proteins, but also the effects of combinations of mutants in different proteins. As the size and numbers of proteins being studied increase, the number of possible amino acid changes assumes astronomical proportions.
The in vivo system offers a powerful solution to this. For instance, we now have actin mutations which subtly alter the myofibrillar kinetics and reduce the flight ability of flies. By performing whole organism mutagenesis of the flightless flies and selecting for increased flight ability, it should be possible to obtain further mutants which compensate for the effects of the original mutation in one of two ways. First, they may occur at other sites within the actin gene itself or second, in other genes, such as the myosin heavy or light chain genes, and compensate for the original mutation at the level of protein interaction. In either case they will be informative about the role of specific amino acids in muscle protein structure and function. The advantage of this approach is that it lets the organism tell us what is important.
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